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ABSTRACT 


* 

A  program  was  conducted  to  establish  thermal  processing  procedures  directed 
at  improving  the  strength  of  TRIP  steels,  The  general  approach  was  to 
strain  hardened  TRIP  steels  by  thermal  cycling  between  martensite  and 
reverted  austenite. 

A  total  of  32  alloys  that  were  variations  of  the  "A"  type  TRIP  steels 

(Fe-9Cr-8Ni-4Mo-2Si-2Mn-0.30C)  were  evaluated.  Of  these,  thirteen  had 

a  M  in  the  desired  range  for  thermal  processing,  -320°F  <  M  <  RT. 
s  s 

However,  after  cooling  at  -320°F  (forming  martensite)  and  heating  to 
1500°F  (reverting  to  austenite),  the  Mg  of  reverted  austenite  was 
above  rocm  temperature.  With  this  increase  (  AMg  was  about  200-300°F) 
the  alloys  were  unsuitable  for  thermal  processing.  Several  attempts  were 
made  to  decrease  the  Ms  of  reverted  austenite  to  below  room  temperature. 

The  only  successful  method  was  to  utilize  high  reversion  temperatures 
of  1775-1850°F,  but  even  this  approach  was  not  useful  due  to  low  hardness 
values  after  reversion.  A  computer  program  was  used  to  measure  the  effect 
of  various  alloying  elements  on  the  Mg  of  annealed  and  reverted  austenite 
and  A^,  the  temperature  corresponding  to  completion  of  the  martensite  to 
austenite  transformation.  Some  unexpected  results  were  obtained;  manganese, 


for  example,  lowers  the  M  about  an  order  of  magnitude  more  than  has 

s 

previously  been  noted  in  more  dilute  base  compositions. 

After  it  became  known  that  the  "A"  type  alloys  could  not  be  used  for 
thermal  processing,  a  total  of  eighteen  alloys  that  were  variations  of 
the  "BM  type  TRIP  steels  (Fe-24Ni-4Mo-.30C)  were  evaluated.  The  best 
mechanical  properties  were  obtained  with  an  Fe-24Ni-4Mo-.20  Si-.20Mn- 
,30C  alloy.  After  five  cyclical  reversions  the  following  properties 
were  obtained:  160.0  ksi  static  yield  strength,  193.0  dynamic  yield 
strength,  196.5  static  tensile  strength,  307«  elongation,  40%  reduction 
in  area,  27.7  to  28.1  ft. -lbs.  Cnarpy  V-notch  impact  energy  at  -40°F 
and726F,and  a  dynamic  plane  fracture  toughness  of  89  ksi-(in)^  in 
both  the  RW  (longitudinal)  and  WT  (transverse)  orientation. 
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INTRODUCTION 


BACKGROUND 

\ 

A  relatively  new  class  of  steels  has  been  developed  by  Zackay,  et  al . , ^ 

V  thst  shows  an  excellent  combination  of  high  strength  and  ductility.  Since 

the  high  ductility  results  from  the  austenite  to  martensite  transformation 
occurring  during  plastic  deformation,  the  authors  selected  the  name  TRIP 
steels,  which  is  an  acronym  of  Transformation  Induced  Plasticity.  The 
exceptionally  high  yield  strength  (up  to  about  220  ksi)  of  the  austenite 
is  produced  by  a  combination  of  solid  solution  strengthening,  precipita¬ 
tion  strengthening,  and  work-hardening;  the  first  two  of  these  mechanisms 
is  accomplished  b-  alloying  and  the  other  by  thermomechanical  treatment. 

The  work-hardening  increment  introduced  by  thermomechanical  treatment  is 
probably  the  most  significant. 

Despite  the  excellent  strength-ductility  relationship  in  TRIP  steels, 
several  limitations  and  disadvantages  are  associated  with  the  thermo¬ 
mechanical  treatment  step  in  the  processing.  Since  deformations  up  to 
about  807=  are  usually  done  at  temperatures  in  the  800-1000°F  temperature 
range,  rather  massive  metal  forming  equipment  is  needed.  This  feature  is 
probably  the  primary  reason  that  TRIP  steels  have  not  been  further  developed. 
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Associated  with  this  limitation  is  the  result  that  only  comparatively  thin 
sections  can  be  produced.  Another  major  limitation  of  TRIP  steels  is 
that  they  cannot  be  welded  without  destroying  the  effects  of  the  pro¬ 
cessing  (as  with  any  thermomechanically  processed  material).  Similarly, 
these  steels  cannot  be  used  in  castings  because  of  tne  necessary  thermo¬ 
mechanical  processing.  Therefore,  only  simple  shapes  representative  of 
normal  metal  working  techniques  can  be  produced  without  additional 
machining.  Finally,  the  mechanical  properties  of  TRIP  steels  are  highly 
anisotropic,  and  this  further  limits  the  usefulness  of  these  alloys.  Thus, 
while  the  thermomechanical  treatment  has  been  a  necessary  step  in  the  pro¬ 
cessing  of  TRIP  steels,  it  places  significant  limitations  on  their 
application. 

(2) 

Koppenaal  recently  demonstrated  that  certain  TRIP  steels  can  be  prepared  by 
a  thermal  processing  technique  alone,  thereby  eliminating  the  undesirable 
thermoinechanical  treatment  that  was  previously  considered  necessary. 

Briefly,  the  thermal  processing  technique  makes  use  of  performing  the  re¬ 
verse  martensite  ( a ')  transformation  at  temperatures  below  the  recrystalliza¬ 
tion  temperature  of  austenite  (y) •  In  this  way,  a  high  defect  concentration 
exists  in  the  austenite  following  the  transformation,  and  the  austenite  is 
essentially  work-hardened.  By  cycling  through  five  y  ->  0/  -»  y  transforma¬ 
tions,  the  hardness  of  the  austenite  continuously  increased.  The  original 
as-quenched  austenite  was  ~0  R£  (80  R^) ,  and  cooling  to  liquid  nitrogen 
produced  ~70%  martensite  at  a  hardness  of  31  Rc»  After  reverting  to 
austenite  the  hardness  was  28  Rc;  successive  cyclical  transformations  pro¬ 
duced  austenite  with  a  hardness  of  37  R£  (2nd  cycle) ,  40%  Rc  (3rd  cycle) , 

42  R£  (4th  cycle),  and  42%  R^  (5th  cycle).  After  the  fifth  reversion  cycle, 

mechanical  (tensile)  properties  were  produced  that  are  essentially  equivalent 

(1) 

to  those  produced  by  Zackay,  et  al . ,  in  the  same  alloy  by  a  thermomechanical 
treatment  of  807,  reduction  in  area  at  930°F.  However,  the  specific  alloy 
that  was  used  in  the  Aeronutronic  program  has  a  yield  strength  of  only 
160  to  165  ksi,  instead  of  values  of  about  220  ksi  obtainable  in  other 
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TRIP  steel  alloys.  In  order  for  the  thermal  processing  of  TRIP  steels  to 
become  more  useable,  it  would  be  beneficial  to  improve  upon  the  strength 
following  the  new  type  of  processing. 

OBJECTIVE 

The  objective  of  the  proposed  program  was  to  establish  thermal  processing 
procedures  directed  at  improving  the  strength  of  TRIP  steels. 

EXPERIMENTAL  APPROACH 

The  experimental  approach  was  to  screen  a  number  of  alloys  that  are 

modifications  of  the  strongest  TRIF  steel  alloy;  these  alloy  modifications 

were  necessary  to  raise  the  temperature  (the  strongest  TRIP  steel  has 

an  M  <-452 °F) .  For  those  alloys  having  an  M  in  the  desirable  range, 
s  s 

-320°F<M  <RT,  the  martensite  to  austenite  reversion  temperature,  A  ,  was 
S  I 

determined.  A  final  selection  was  then  to  be  made  for  those  alloys  with 
an  Mg  and  A^  compatible  with  the  thermal  processing  technique,  and  various 
mechanical  properties  were  to  be  measured  as  a  function  of  thermal  processing. 
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EXPERIMENTAL  PROCEDURE 


ALLOY  PREPARATION 

A  total  of  fifty  alloys  were  used  in  this  investigation.  Casting,  pouring 
and  solidification  were  conducted  by  vacuum  induction  melting  techniques. 
The  analyzed  compositions  of  the  alloys  are  given  in  Table  I.  Alloys  1 
thru  25  and  44  thru  50  are  modifications  of  the  Fe-9Cr-8Ni-4Mo-2Si-2Mn-.30C 
TRIP  steel  and  alloys  26  thru  43  are  modifications  of  the  Fe-24Ni-4Mo-.30C 
TRIP  steel;  these  two  general  compositions  will  be  referred  to  as  the  "A" 
and  "B"  type  of  alloys,  respectively,  following  the  notation  originally 
given  by  Zackay,  et  al.^ 

The  alloys  were  cast  into  a  mold  about  3-1/2  in.  x  3-1/2  in.  x  7-1/2"  long, 
and  were  subsequently  forged  into  bars  with  an  1-1/2  in.  x  1-1/2  in.  cross- 
section  at  temperatures  of  2000-220G°F.  After  forging,  a  decarburized 
layer  of  about  .020  in.  existed  in  the  bars.  Prior  to  any  additional  pro¬ 
cessing,  .050  in.  was  removed  from  all  surfaces  by  grinding.  Following 
this  grinding,  all  of  the  bars  were  homogenized  at  2350°F  for  10  hours  at 
a  vacuum  of  1  Torr  (back-filled  with  an  inert  gas).  The  bars  were  rolled 
at  1800°F  to  a  final  thickness  of  about  1/4  to  1/2  inch,  and  solution 
heat  treated  at  2050°F  for  1  hour  and  water  quenched. 


TABLE  I 


CHEMICAL  COMPOSITIONS  OF  ALLOY  STEELS 


noainal  weight  percent  alloying  eleaent 
analyzed  weight  percent  alloying  elecent 


ALLOY 

NUMBER 

HEAT 

NUMBER* 

Cr 

Ni 

Mo 

Ibi 

Si 

W 

Co 

C 

1 

3855 

9.0 

8.0 

4.0 

.50 

2.0 

.30 

8.95 

8.08 

4.01 

.50 

1.85 

.33 

2 

3820 

9.0 

8.0 

4.0 

.50 

2.0 

.25 

9.07 

8.08 

4.08 

.51 

2.01 

.27 

3 

3821 

9.0 

8.0 

2.0 

.50 

2.0 

.30 

9.03 

8.02 

*2.16 

.49 

2.01 

.31 

4 

3822 

9.0 

8.0 

2.0 

.50 

2.0 

.25 

9.01 

7.99 

2.16 

.52 

2.01 

.24 

5 

3823 

9.0 

8.0 

.50 

2.0 

.30 

9.01 

7.99 

.55 

2.03 

.30 

6 

3824 

9.0 

8.0 

.50 

2.0 

.25 

9.16 

7.90 

.54 

2.03 

.26 

7 

3856 

9.0 

8.0 

4.0 

.50 

.50 

.30 

9.21 

7.99 

4.14 

.49 

.49 

.31 

8 

3825 

9.0 

8.0 

4.0 

.50 

.50 

.25 

9.08 

7.88 

4.07 

.49 

.41 

.26 

9 

3826 

9.0 

8.0 

2.0 

.50 

.50 

.25 

9.10 

7.63 

2.16 

.49 

.54 

.25 

10 

3857 

9.0 

8.0 

.50 

2.0 

4.0 

.30 

9.06 

8.11 

.48 

1.96 

3.86 

.31 

11 

3827 

9.0 

8.0 

.50 

2.0 

2.0 

.25 

9.16 

7.88 

.48 

1.78 

2.02 

.26 
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TABLE  I  *  Continued 


ALLOY 

HUMBER 

HEAT 

KU3CBEB* 

Cr 

Ni 

Mo 

Ha 

Si 

V 

Co 

C 

12 

3828 

9.0 

8.0 

.50 

.50 

4.0 

.25 

9.05 

7.91 

.49 

.51 

3.81 

.27 

13 

3829 

9.0 

6.0 

4.0 

.50 

2.0 

.25 

9.15 

5.90 

4.21 

.50 

1.94 

.26 

14 

3859 

9.0 

6.0 

4.0 

.50 

2.0 

2.0 

.30 

9.11 

6.14 

4.13 

.51 

1.88 

1.93 

.31 

15 

3830 

9.0 

6.0 

4.0 

.50 

.50 

.25 

9.36 

5.90 

4.06 

.49 

-50 

.26 

16 

3831 

9.0 

4.0 

4.0 

.50 

2.0 

.25 

9.34 

3.95 

*4.16 

.49 

1.86 

.26 

17 

3332 

9.0 

4.0 

4.0 

.50 

.50 

.25 

9.45 

3.90 

4.13 

.45 

.44 

.26 

18 

3833 

9.0 

8.0 

4.0 

.50 

2.0 

1.5 

.25 

8.52 

7.56 

3.88 

.45 

1.81 

1.00 

.26 

19 

3858 

9.0 

8.0 

4.0 

.50 

2.0 

3.0 

.30 

9.01 

8.25 

4.03 

.51 

1.88 

2.98 

.30 

20 

3834 

9.0 

8.0 

4.0 

.50 

.50 

3.0 

.25 

9.14 

8.20 

3.98 

.51 

.50 

2.93 

.27 

21 

3835 

9.0 

8.0 

.50 

.50 

4.0 

3.0 

.25 

9  14 

8.13 

.50 

.52 

3.74 

2.89 

.27 

22 

3836 

9.0 

8.0 

4.0 

.50 

.50 

5.0 

.30 

9.17 

8.20 

4.11 

.50 

.42 

5.15 

.31 

23 

3837 

9.0 

6.0 

4.0 

.50 

2.00 

2.0 

.25 

9.05 

6.12 

4.10 

.48 

2.02 

1.75 

.27 

24 

3838 

9.0 

6.0 

4.0 

.50 

.50 

2.0 

.25 

9.33 

5.97 

4.08 

.49 

.49 

1.70 

.27 

25 

3839 

9.0 

4.0 

4.0 

.50 

.50 

4.0 

.25 

9.30 

4.02 

4.14 

.50 

.45 

3.96 

.25 

26 

3860 

24.0 

4.0 

.36 

23.60 

3.85 

.36 

TABLE  1  -  CoacinMC-d 


ALLOT 

SIBBER 

HEAT 

K1IKBEB* 

Cr 

BS£ 

Kb 

Kfa 

Si 

ar 

Co 

C 

27 

3361 

24.0 

6.0 

.30 

23.91 

6.03 

.32 

28 

3362 

2-0 

22.0 

4.0 

.30 

1.94 

21.  S4 

3.85 

.32 

29 

3S63 

4-0 

20.0 

4.0 

-30 

4-12 

20.15 

3.95 

.32 

30 

3364 

6.0 

13.0 

4.0 

.30 

6.06 

17.35 

3.93 

.31 

31 

3S65 

2.0 

20.0 

3.0 

1.0 

.30 

1.90 

19.80 

2.97 

1.02 

.31 

32 

3366 

4.0 

13-0 

3.0 

1.0 

.30 

4.15 

17.72 

3.04 

1.C3 

.32 

33 

3867 

6.0 

16.0 

3.0 

1.0 

.30 

6.06 

15.89 

3.07 

1.01 

.31 

34 

3868 

2.0 

22.0 

4.0 

1.0 

1.0 

.30 

1.94 

21.83 

3.86 

1.04 

.97 

.31 

35 

3869 

4.0 

20.0 

4.0 

1.0 

1.0 

.30 

4.11 

19.93 

3.92 

1.01 

.97 

.31 

26 

3870 

6.0 

18.0 

4.0 

1.0 

1.0 

.30 

6.02 

17.91 

3.97 

1.01 

.95 

.31 

37 

VE-307** 

24.0 

4.0 

.20 

.20 

.30 

24.2 

3.97 

.25 

.24 

.30 

38 

3889 

1.0 

22.0 

4.0 

.30 

.96 

21.79 

3.79 

.28 

39 

3884 

2.0 

20.0 

4.0 

.30 

1.78 

20.15 

3.86 

.32 

40 

3885 

1.0 

24.0 

3.0 

.30 

.94 

23.59 

2.91 

.30 

41 

3886 

2.0 

24.0 

2.0 

.30 

TABLE  I  -  Coaciaued 


am?? 

BIOSES 

SEAT 

KEK3E8* 

Cr 

K£ 

Mo 

Ms 

S£ 

W 

Co 

C 

42 

3SS7 

1.0 

22.0 

3-0 

.30 

.96 

21.89 

2.96 

.30 

43 

3SSS 

2.0 

20.0 

2.0 

.30 

1.85 

19.91 

2.03 

.30 

44 

3350 

9.0 

8.0 

4.0 

1.0 

2.0 

.30 

9.16 

8.27 

4.22 

.97 

1.86 

.31 

45 

3S91 

9.0 

3.0 

4.0 

1.5 

2.0 

.30 

9.01 

8.28 

4.12 

1.48 

1.90 

-31 

46 

3892 

9.0 

8.0 

1.0 

2.0 

4.0 

.30 

8.84 

7.98 

.95 

1.87 

3.86 

.32 

47 

3893 

9.0 

8.0 

1.5 

2.0 

4.0 

.30 

8.89 

3.20 

1.49 

1.96 

3.92 

.31 

48 

3394 

9.0 

10.0 

4.0 

0.5 

2.0 

.30 

9.05 

10.24 

4.06 

.49 

1.87 

.31 

49 

3895 

9.0 

12.0 

4.0 

0.5 

2.0 

.30 

8.89 

12.18 

4.03 

.49 

1.83 

.32 

50 

3896 

11.0 

8.0 

4.0 

0.5 

2.0 

.30 

11.18 

8.31 

4.09 

.48 

1.81 

.30 

S  and  P  are  <  .010  for  all  alloys 
*  Crucible  Materials  Research  Center  heat  number 
*  *  Cannon-Muskegon  heat  number 
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The  martensite  scars:  temperature,  was  measured  by  either  of  two 

techniques.  For  chose-  cases  where  -3251®?  55^  <  SET,  acoustic  enassim 

was  used  to  determine  the  K^.  Cubic  samples  with  aa  edge  dimension  of 

about  i/4  inch  were  slowly  cooled  frera  room:  cemperaEsare ,  and  the  total 

integrated  noise  court  was  recorded  as  a  function  of  temperature.  For 

those  cases  were  8!  >  BT,  dilatoraetry  techniques  were  used  to  determine 

yfaa  M  .  A  sample  about  two  inches  long  was  heated  ia  a  tube  furnace  at 
s 

1500®F  under  an  inert  gas ,  held  for  2D  minutes,  and  the  furnace  removed 
from  the  sample.  During  cooling,  the  length  was  recorded  oa  a  photo¬ 
graphic  film  as  a  function  of  testing  temperature. 


Dilatometry  measurements  were  also  used  to  determine  the  temperature,  Af, 
corresponding  to  completion  of  the  martensite  to  austenite  transformation. 
A  pre-heated  tube  furnace  was  positioned  around  the  sample,  and  length 
changes  were  again  recorded  on  photographic  film  as  a  function  of  tenpera- 


The  amount  of  martensite  formed  by  cooling  to  -320°F  (liquid  nitrogen) 
was  determined  by  X-ray  diffraction  measurements  using  the  method  outlined 
by  Lindgren.  ihe  integrated  intensities  of  the  (200)  and  (211)  marten¬ 
site  reflections  and  the  (200)  and  (220>  austenite  reflections  were  deter¬ 
mined  using  CrK^  radiation.  For  a  randomly  oriented  grain  structure,  the 
accuracy  of  this  method  is  about  +  YU.  As  a  preferred  orientation  develops, 
however,  large  errors  can  exist. 
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mbcsasical  ps&resn es 

Tensile  testin g  was  done  with  an  Instron  testing  machine  using  a  strain  rate 
-2  -.1 

of  2  s  10  minuEe  *  -  Samples  a  reduced  gg>uge  length  of  one  fuels 
arms  were  1/4  fa.  diameter  (unless  se heswise  stated).  All  quoted  tensile 
results  are  an  average  of  ew©  deEetss£©atioas. 

Pre-cracked  Charpy  samples  were  used  'to  measure  K^.  Standard  Charpy 
V-noEch  samples  (S  =  V  =  -394  fa.)  were  pre-cracked  ce  a  total  crack  depth 
(including  Eire  V-noEcis)  of  about  .12  in.  t  .01  in.  using  tension -zero  fatigue 
loading.  Generally  30,000  to  60,000  cycles  were  necessary  to  obtain  the 
desired  crack  length.  Testing  of  both  Ehe  pre-cracked  samples  and  Charpy 
V-aotch  samples  was  done  on  a  240  ft. -lb.  Sit  hie  Impact  Machine  that  was 
equipped  with  a  Model  500  Dynatup  Systems.  This  instrumentation  allows 
velocity,  load,  and  integrated  energy  to  be  measured  during  the  test-’ 
Duplicate  samples  were  used  for  the  impact  tests.  The  Riehle  machine 
used  for  these  tests  had  passed  the  AMK3C  performance  requirements 
(specified  in  ASIM  Standard  £-23). 


RESULTS 


Since  different  types  of  experimental  problems  and  limitations 
were  encountered  with  the  "A**  and  ”B“  alloys,  the  results  obtained  with 
each  alloy  type  will  be  presented  separately. 

THE  "A"  ALLOYS 

Following  forging  and  solution  heat  treatment  (L  without  homogenization) 
the  alloys  were  characterized  by  chemical  inbomogeneit ies  in  the  fora  of  a 
banded  microstructure.  An  example  of  this  is  shown  in  Figure  1,  which  is  of 
alloy  15-  The  banding  is  such  that  some  areas  have  an  above  room  tempera¬ 
ture  while  most  '->i  the  volume  has  an  below  room  temperature.  Following 
homogenization  and  solution  heat  treatment ,  the  aicrostructure  of  alloy  15 
appeared  as  shown  in  Figure  2.  Although  some  amount  of  banding  is  still 
present,  the  homogeneity  was  significantly  improved  by  the  homogenization 
treatment . 

The  hardness  and  structure  following  homogenization,  solution  heat  treatment 
and  water  quenching  to  room  temperature  is  given  in  Table  II.  Of  the  first 
twenty-five  alloys  evaluated  in  this  program,  eleven  had  an  Mg  above  room 
temperature,  which  eliminates  these  alloys  for  thermal  processing.  One 
of  the  remaining  alloys,  number  19,  had  an  below  -320°F  and  was  also 
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FIGURE  1.  MIC^STRUCTURE  OF  ALLOY  15  FOLLOWING  FORGING 
AND  SOLUTION  HEAT  TREATMENT  (BUT  WITHOUT  ANY  HOMOGENIZATION) .  100X 


FIGURE  2.  MICROSTRUCTURE  OF  ALLOY  15  FOLLOWING 
FORGING,  HOMOGENIZATION  AND  SOLUTION  HEAT  TREATMENT.  100X 
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ALLOY 

NUMBER 

AS- 

QUENCHED 

HARDNESS, 

R 

c 

AS- 

QUENCHED 

STRUCTURE 

V 

°F 

HARDNESS  AFTER  AMOUNT  OF 

COOLING  TO  a'  AFTER  COOLING 

-320 °F,  R  to  -320 °F,  7» 

c  ’ 

V 

°F 

i 

14 

Y 

-81 

42 

27 

1401 

2 

10 

Y 

-94 

41 

78 

1398 

3 

6 

Y 

-38 

42 

39 

1455 

4 

10 

Y 

-80 

46 

63 

1423 

5 

11 

Y 

25 

49 

83 

1360 

6 

36 

a' 

>RT 

49 

100 

1401 

7 

9 

Y 

-94 

41 

54 

1418 

8 

7 

Y 

-54 

46 

87 

1409 

9 

40 

a' 

>RI 

47 

99 

1335 

10 

7 

Y 

-103 

39 

43 

1430 

11 

9 

Y 

-80 

44 

77 

1407 

12 

4 

Y 

-89 

48 

68 

1412 

13 

28 

a' 

>RT 

53 

83 

1468 

14 

27 

a' 

>RT 

50 

86 

1432 

15 

43 

a' 

>RT 

53 

83 

1456 

16 

49 

a' 

>RT 

55 

93 

1499 

17 

47 

a' 

>RI 

50 

100 

1509 

18 

29 

a ' 

>RT 

48 

100 

1421 

19 

15 

Y 

<-320  . 

17 

0 

- 

20 

4 

Y 

-78 

43 

81 

1394 

21 

1 

Y 

-70 

45 

82 

.387 
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eliminated.  The  remaining  thirteen  alloys  had  Mg  values  between  25°F  and 

-103°F,  which  is  compatable  with  the  thermal  processing  technique.  The 

Mg  values  were  measured  by  acoustic  emission  techniques  as  described  in 

the  previous  section.  For  most  of  the  alloys,  the  M  could  not  simply  be 

s 

taken  as  the  observed  temperature  (on  cooling)  corresponding  to  the  initial 

noise  detection  (martensite  formation),  because  chemical  inhomogenities  of 

the  type  shown  in  Figure  2  produced  a  small  amount  of  martensite  formation 

at  temperatures  higher  than  the  bulk  Mg.  As  a  result,  some  extrapolation 

was  necessary  to  obtain  the  reported  Mg  values,  and  due  to  this  extrapolation 

many  of  the  reported  M  values  are  probably  no  more  accurate  than  20 °F. 

s 

After  cooling  to  -320 °F  to  form  martensite,  the  hardness  of  these  thirteen 
alloys  was  in  the  range  of  37-49  Rc>  which  is  appreciably  harder  than  can 
be  obtained  with  the  "B"  alloys  after  the  first  martensite  formation 
(30-33  R£) .  The  amount  of  martensite  formed  by  the  cooling  to  -32G’F  is 
also  shown  in  Table  II;  this  data  was  determined  by  X-ray  diffraction,  as 
discussed  earlier.  For  some  alloys  such  as  1,  3,  7  and  10,  the  amount  of 
martensite  observed  metallographically  did  not  correlate  with  the  amount 
determined  by  X-ray  diffraction.  It  was  assumed  that  the  presence  of 
textures  led  to  errors  in  the  X-ray  diffraction  determinations  of  these 
values . 


The  dilatometry  measurements  of  the  temperature,  A^,  corresponding  to  the 
completion  of  the  martensite  to  austenite  transformation  indicated  that 
1360°F  <  A^  <  1455°F  for  the  thirteen  alloys  of  interest,  as  shown  in 
Table  II.  This  again  appeared  to  be  compatable  with  the  thermal  processing 
technique.  However,  on  cooling  to  room  temperature  after  heating  to  1500 °F 
(which  is  above  A^) ,  each  of  the  thirteen  alloys  was  now  martensitic  indi¬ 
cating  that  the  Mg  had  increased  to  above  room  temperature.  Table  III 
shows  values  of  cite  martensite  start  temperature,  Mg,  measured  in  reverted 
austenite.  The  increase,  AMg,  in  the  martensite  start  temperature  was 


approximately  200  to  300 °F  for  these  alloys. 
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TABLE  III 

Mg  Data  of  Selected  "A"  Type  Alloys 


ALLOY 

V 

AMs> 

NUMBER 

°F 

°F 

°F 

1 

X 

-81 

154 

235 

2 

-94 

176 

270 

3 

-38 

165 

203 

4 

o 

oo 

i 

158 

238 

5 

25 

223 

198 

7 

-94 

165 

259 

8 

-54 

161 

215 

10 

-103 

172 

275 

11 

-80 

215 

295 

12 

-89 

188 

277 

20 

-78 

158 

236 

21 

-70 

161 

231 

22 

-49 

134 

183 
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A  few  additional  measurements  were  made  to  confirm  this  increase  in  M  . 

s 

Samples  of  alloys  4  and  7  were  solution  heat  treated,  cooled  to  -320°F 
tc  form  martensite  and  returned  to  room  temperature.  X-ray  diffraction 
measurements  of  the  diffraction  angle,  (29),  of  the  (110),  (200)  and  (211) 
reflections  of  the  martensite  were  determined  using  CrK^  radiation.  The 
samples  were  then  reverted  at  1500°F,  cooled  to  room  temperature  and  the 
same  measurements  re-determined.  The  results  are  shown  in  Table  IV  and  the 
diffraction  angles  of  the  martensite  that  forms  from  reverted  austenite  is 
seen  to  be  essentially  identical  to  the  martensite  foimed  from  annealed 
austenite.  Thus,  the  crystallography  of  the  two  martensites  are  concluded 
to  be  equivalent. 

Metallographic  observations  were  also  used  to  evaluate  the  martensites. 

Figure  3  shows  alloy  7  after  the  initial  cooling  to  -320°F,  and  the  structure 
is  seen  to  contain  plate  martensite  and  austenite.  After  reversion  at  1500°F 
and  cooling  to  room  temperature,  the  structure  appeared  as  shown  in  Figure 

4,  new  martensite  and  virgin  austenite  can  be  clearly  seen  as  well  as 

dark  areas  that  are  either  reverted  austenite  or  new  martensite  formed 

from  reverted  austenite.  The  metallographic  appearance  is  quite  similar 

(2) 

to  that  previously  observed  by  Koppenaai  in  the  "B"  type  TRIP  steels. 

With  the  metallographic  and  X-ray  diffraction  results,  it  was  concluded 

that  the  increase  in  M  was  a  confirmed  observation. 

s 

Since  the  increase  in  Mg  to  above  room  temperature  would  eliminate  all  of 
the  remaining  thirteen  alloys  from  the  thermal  processing  technique,  a 
number  of  experiments  were  performed  in  an  attempt  to  lower  below  room 
temperature.  The  first  attempt  consisted  of  cycling  the  thirteen  alloys 
between  -320°F  (martensite)  and  1500°F  (reverted  austenite)  for  five 
complete  reversion  cycles;  it  was  hoped  that  additional  cycling  would 
stabilize  the  austenite.  After  the  fifth  reversion  at  1500°F,  however,  all 
of  the  alloys  were  still  martensitic  on  cooling  to  room  temperature. 
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TABLE  IV 


DIFFRACTION  ANGLE  (26)  OF  VARIOUS  MARTENSITE  REFLECTIONS 


ALLOY 

THERMAL 

TREATMENT 

28, 

ai<v 

DEGREES 

(200)a# 

(211)  £ 

4 

-320 °F 

68.7 

106.3 

155.0 

4 

-320 °F  plus  reverted 

68.9 

106.5 

155.6 

7 

-320°F 

68.4 

105.8 

153.8 

7 

-320 °F  plus  reverted 

68.4 

105.9 

154.5 
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FIGURE  3-  MICRO  ST  RECTTiRE  OF  ALLOY  7 

AFTER  INITIAL  COOLING  TO  -320°F  SHOTTING  PLATE  MARTENSITE 
AND  AUSTENITE.  lOOOX 


Tbs  craly  rmsEfond  cEasc  was  observed  tws  feeep  jfi*  below  room  trempiraffiar® 

s  ^ 

was  fcr  Eos  rase  of  higher  reversion  r&mperatcres .  Samples  ©£  fh*  ttMneea 
alloys  were  reverted  ar  progressively  Esigber  Eenperateses  (rasing  a  different 
sample  for  each  rearers  ion}  until  tEae  M*  was  below  mean  temperatcre. 
resales  are  srtnmari zed  in  Table  V,  which  shews  cEse  Esardhess  aad  strcctcre 
for  tEse  various  reversion  Eenxpesac  cares.  Table  V  sEnrws  rh?r  elexesa  ©£  g-P-^ 
alloys  coraid  Ese  referred  ar  temperatures  between  1775®F  and  1S5®*F  and  remain! 
austenitic  era  cooling  ro  room:  temperature  (tEae  Kf  of  rfy  osirer  two  alloys, 
b  an5  21,  remained  abave  recta  temperature  for  reversion  temperatures  as 
high  as  1900'*?).  TEiese  eleven  alloys  were  cycled  g.foiraugh  fire  cycles 
between  -320 *F  and  the  reversion  temperature  esrablisEied  isy  rEiis  merEffitd. 

The  hardness  and  strractrare  after  tEae  fifth  complete  reversion  cycle  is 
shown  in  Table  VI,  and  only  tEuree  of  rise  alloys  {7,  10  22)  were 

arastenitic  at  rootra  temperature  after  the  fire  cycles-  However,  tEae  hard¬ 
ness  of  these  three  alloys  was  too  lew  (24-31  2c)  to  be  of  interest. 

A  number  of  processing  variables  were  evaluated  in  an  attempt  to  decrease 
Ms  C°  100151  temperature,  hut  none  of  these  were  successful.  A  short 

summary  of  each  of  these  attempts  follows: 

1.  The  solution  heat  treating  temperature  was  varied 
from  1800 °F  to  2150 °F. 

2.  The  cooling  rate  iron  the  solution  heat  treating 
temperature  was  varied  by  water  quenching,  air 
cooling  and  furnace  cooling. 

3.  A  martensite  formation  temperature  of  -100°F  was  usc-d 
to  vary  the  amount  of  martensite  produced  during  the 
first  \  a'  transformation. 
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4-  TnaemnaB  gessaamtenacs  cfe*  -32®*?  margaasig® 

Sffsantgfcra  aaf  g&e  u®r«ffs£x ts  gsg-aangsg  war®  aB-^s  TrasfaS. 
la  *sme  zeszs  sanpl&s  ware  w£c6t£sawra  fcanc  E&®  Sitprirfl 
oifiOTgiio  (pmcgafpcr  aad  pSacadi  digacgly  iet©  eft®  sale  pst 
ae  e&e  nEWpEshata  gempgEEXci®  Cl5®3*r5-  la  ©riser  cases, 
gibe  tnanreasacic  samples  «®re  garea  a  t&npericg  as  llffl®*? 
is r  cc®  &©ar,  air  caroled  and  revetted. 

5-  Beaefrsg;  rage  g©  g&se  rereEsica  geapegat’ssa  was  varied 
between  direct  hnnteEsicn  la E©  a  Hicoid  sale  and  place¬ 
ment  ©£  the  sanples  In  aa  air  rcraace- 

6.  The  reversion  glare  was  varied  between  3®  secccads  and  6® 

il].  j  0£3  ^ 

7.  Post -reversion  treatments  consisting  of  direct  cooling  e© 
temperatures  og  either  SCO,  6C0  or  4€®°F  for  1  go  16  birar s 
were  evaluated. 

8.  Use  cool  lag  rate  after  r-rersioa  was  varied  by  water 
quenching,  air  cooling  and  furnace  cooling- 

la  stannary ,  the  only  method  established  for  keeping  H*  below  room  tearera- 
ture  was  the  use  of  high  reversion  temperatures  (1775-1830°?),  and  this 
method  had  the  disadvantage  of  producing  low  hardness  responses  (probably 
because  ot  recovery  occurring  at  the  high  reversion  temperatures) - 

Hear  the  end  of  this  program,  seven  additional  "A"  type  alloys  (numbers 

44-50)  became  available  for  evaluation-  The  objective  with  these  alloys 

was  to  decrease  M  (and  hopefully  H*)  of  alloys  similar  to  types  1  and  10 
$  s 

by  about  200°F.  In  this  way,  both  and  would  be  in  the  desired  range 
(below  room  temperature  and  above  -320°F) .  However,  alloys  44-50  all  had 
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2x2  fifl  <  -22®*?,  (Sts?  Thfesle;  UJ  -  Ifeis  a^asicwsEStano  uxs  ff&vffflxsilLy  mrzzfrzz&tS. 
ts> 

CismgsEffija*  alloy  44  wicfc  alloy  1.  Efoe  ®»ly  difffierensos  is  ®.97Z  SSs  in  allay 

44  as  ggmgigggrfi  cb>  JWH  in  alloy  1_  TMo  increase  ®f  l/22i  !fa  lowered  E&e 

Kl^  ma  -SB®?  fa  alloy  I  no  <  -22®*?'  fa  alloy  44.  Therefore ,  c as  25^  £s 

decreased  fey  ar  least  47S*?  for  one  weight  perceet  manganese  2x2  this 

(4) 

panticalar  Base  cmn^oslirioa;  fey  camgarisoa,  Andrews  showed  that  ia 
ot&er  &*se  compositions  the  charge  in  35^  is  afeoct  -S4*r  f© r  one  weight 
percent  maTgarese.  This  will  fee  discussed  us  more  detail  in  the  0£sctsssion 
S£CEion. 

iTpy.  “b®  mmsts 


After  it  ocas  established  chat  none  of  the  original  twenty-five  “A”  type 
of  alloys  evaluated  on  this  program  would  fee  suitable  for  cher-nal  processing, 
it  ocas  decided  to  evaluate  alloy  modifications  of  the  ”3="  type.  Alloys 
26-37  were  the  next  group  to  fee  cvalnated.  Table  YU  shows  various  physical 
pi ©perries  of  thes-  alloys-  All  the  alloys  had  an  Ifi^  <  HT,  bat  tea  of 
the  twelve  also  had  an  Ss^  <  -452®F.  Thus,  only  two  of  the  twelve  alloys  bad 
a  suitable  ^  for  thermal  processing.  These  two  alloys,  26  ana  37,  were 
cycled  between  martensite  arvC  reverted  austenite  using  various  temperatures, 
and  the  austeaite  hardness  for  both  alloys  at  various  stages  of  the 
cycling  is  given  in  Table  VIII.  The  data  in  this  table  indicates  that 
neither  varying  the  martensite  formation  temperature  between  -32C°F  and 
-452®F  (liquid  helium)  nor  varying  the  reversion  temperature  between 
125Q°F  and  I300°F  significantly  affects  the  hardness  of  reverted  austenite. 
It  was  also  observed  that  alloy  37  did  not  completely  revert  to  austenite 
at  1250°F.  Based  upon  these  results,  a  martensite  formation  temperature 
of  -320°F  and  a  reversion  temperature  of  1300 °F  were  selected  as  the 
standard  cycling  temperatures  for  future  processing.  Following  five 
cyclical  reversions,  the  of  alloys  26  and  37  were  measured  and  the 
results  are  given  in  Table  IX.  The  increase  in  due  to  thermal 
cycling  In  these  "B"  alloys  is  seen  to  be  about  30-50oF.  which  is 
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jasmin 


ggTSfCg-  fUQOES  CF  <r3”  HK  ALLOTS 


ALLOT 

S3flQ 

AS-QEX3BC3ED 

&UEKTSS, 

AS-49JESCaS> 

SISSCISUE 

“s’ 

*F 

BWHKESS  AFIE3. 

COOLISG  10 

-320 ®F,  a 
c 

26 

73 

Y 

-90 

32 

27 

80 

Y 

<-452*F 

- 

28 

74 

Y 

<-452 T 

- 

29 

76 

Y 

<-452*F 

- 

39 

79 

V 

<-452*F 

- 

31 

70 

Y 

<-452*F 

- 

32 

73 

Y 

<-452*F 

- 

33 

78 

Y 

<*452"F 

- 

34 

71 

Y 

<-452 °F 

- 

35 

72 

Y 

<-452°F 

- 

36 

76 

Y 

<-452 °F 

- 

37 

65 

Y 

-104 

33 

38 

69 

Y 

-320°F<M  <RT 
s 

26 

39 

72 

Y 

-320^01  <RX 
s 

15 

40 

67 

Y 

-320°F<M  <RT 
s 

20 

41 

63 

Y 

-320°F<M  <RT 
s 

79  (Rg) 

42 

68 

V 

-320°F<M  <RT 
s 

34 

43 

68 

Y 

-320°F<M  <RT 

37 
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TABLE  VIII 


AUSTENITE  HARDNESS  OF  ALLOTS  26  and  37 
iSTES  VARIOUS  REVERSION  TREATMENTS 

AUSTENITE  HARDNESS,  R 

c 


PROCESSING 

STEF 

ALLOT  26 
NOTE  1 

Annealed 

(73Rfi) 

1st  Reversion 

29-1/2 

2nd  Reversion 

36-1/2 

3rd  Reversion 

40 

4th  Reversion 

41-1/2 

5th  Reversion 

42 

6th  Reversion 

41-1/2 

7th  Reversion 

41 

Note  1: 

Cycled  between  -320 °F 

Note  2: 

Cycled  between  -320 °F 

Note  3: 

Cycled  between  -452 °F 

ALLOT  26 
NOTE  2 

ALLOT  26 
NOTE  3 

ALLOT  37 
NOTE  1 

<73V 

<73V 

(65V 

29 

29-1/2 

28 

35-1/2 

37 

35 

39 

40 

3$ 

41 

41 

40 

42 

42 

41 

42 

40 

and  1300 °F 
and  1250 °F 
and  1250 °F 
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TABLE  IX 


M  VALUES  OP  ALLOYS  26  AND  37 
s 

m  ,  m'  m , 

s  s  s* 

ALLOY  °F  °F _  °F 


26 

-90 

-36 

54 

37 

-104 

-71 

33 
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appreciably  less  than  that  observed  in  the  "A"  alloys. 


The  microstructures  of  alloys  26  and  37  following  five  cyclical  reversions 

are  shown  in  Figures  5  and  6,  respectively.  The  amount  and  appearance  of 

(2) 

the  reverted  austenite  is  similar  to  that  previously  noted.  While 
alloy  37  was  homogeneous  with  respect  to  the  microstructure  shown  in 
Figure  6,  the  microstructure  of  alloy  26  also  showed  areas  of  virgin 
austenite  as  shown  in  Figure  7.  At  high  magnification,  these  areas  of 
virgin  austenite  were  observed  to  contain  numerous  small  precipitates  as 
shown  in  Figure  8. 

In  the  first  series  of  tensile  tests  with  alloys  26  and  37,  tensile 

samples  with  a  1/8  inch  diameter  reduced  section  were  machined  prior  to 

cycling.  The  results  obtained  with  these  samples  are  shown  in  Table  X, 

and  a  number  of  features  are  noted.  While  the  yield  and  tensile  strength 

of  the  two  alloys  after  five  reversions  are  nearly  the  same,  the  elongation 

values  differ  greatly.  This  could  be  due  to  either  the  higher  carbon 

content  of  alloy  26  (which  would  increase  the  stability  of  the  austenite 

with  the  result  that  less  martensite  forms  during  testing)  or  the  non- 

homogeneous  structure  shown  in  Figure  7.  The  strength  levels  obtained 

(2) 

with  alloy  37  are  similar  to  those  previously  observed  in  .060  inch 

thick  samples  but  lower  than  that  observed  in  ~l/4  inch  thick  samples. 

Another  series  of  tensile  samples  of  alloy  37  were  cyclically  reverted 

using  samples  with  a  1/4  inch  diameter  reduced  section  and  the  results 

are  shown  in  Table  XI.  Both  the  yield  and  tensile  strength  are  seen  to 

increase  in  the  thicker  samples.  This  thickness  effect  has  been 

(2) 

previously  established  ,  and  an  explanation  for  the  effect  still  is 
not  known.  All  later  tensile  tests  were  made  with  samples  with  a  1/4  inch 
diameter  reduced  section.  Table  XI  also  shows  that  processing  through 
seven  reversion  cycles  increases  the  tensile  strength  but  decreases  both 
the  yield  strength  and  the  elongation. 
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FIGURE  5,  MICROSTRUCTURE  OF  ALLOY  26  AFTER 
FIVE  CYCLICAL  REVERSIONS  SHOWING  ALMOST  ALL  REVERTED 
AUSTENITE.  100X 
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FIGURE  6.  MICROSTRUCTURE  OF  ALLOY  37  AFTER 
FIVE  CYCLICAL  REVERSIONS  SHOWING  NEARLY  ALL  REVERTED 
AUSTENITE,  ALTHOUGH  SMALL  PATCHES  OF  VIRGIN  AUSTENITE 
ARE  PRESENT .  100X 
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FIGURE  7.  MICROSTRUCTURE  OF  ALLOY  26  AFTER  FIVE 
CYCLICAL  REVERSIONS  SHOWING  LARGE  ISOLATED  PATCHES  OF 
VIRGIN  AUSTENITE  WITHIN  A  MATRIX  OF  REVERTED  AUSTENITE .  50X 


.  b  '  *  • 
' 

*'  >  V 
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FIGURE  8.  MICROSTRUCTURE  OF  ALLOY  26  AFTER  FIVE 
CYCLICAL  REVERSIONS  SHOWING  PRECIPITATES  IN  THE  VIRGIN 
AUSTENITE.  2500X 
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TENSILE  PROPERTIES  OF  ALLOYS  26  and  37 
FOLLOWING  THERMAL  CYCLING 


THERMAL 

ilELD 

STRENGTH, 

TENSILE 
STRENGTH,  • 

ELONGATION 

REDUCTION 
IN  AREA, 

ALLOY 

TREATMENT 

ksi 

ksi 

% 

?o 

26 

Solution 

Heat  Treated 

27.3 

81.3 

44 

83 

26 

1  Reversion 
Cycle 

82.5 

133.2 

21 

61 

26 

5  Reversion 
Cycles 

152.4 

174.0 

12 

20 

37 

Solution 

Heat  Treated 

32.0 

89.4 

37 

77 

37 

1  Reversion 
Cycle 

80.2 

128.5 

22 

70 

37 

5  Reversion 
Cycles 

147.3 

178.0 

30 

59 

Note:  All  data  in  this  Table  obtained  with  tensile  samples  with 

a  1/8  inch  diameter  in  reduced  section. 
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TABLE  XI 


TENSILE  PROPERTIES  OP  ALLOY  37 


THERMAL 

TREATMENT 


YIELD  TENSILE  ELONGA- 

STRENGTH,  STRENGTH,  TION, 

-  _ ksi  Z 


REDUCTION 
IN  AREA, 

% 


Solution 

heat  treated  33.6 

One  Reversion 

Cycle  84.8 

Three  Reversion 
Cycles  136.9 

Five  Reversion 
Cycles  160.0 

Seven  Reversion 
Cycles  147.2 


92.7 

50 

79 

130.9 

40 

66 

176.4 

40 

50 

196.5 

30 

40 

208.1 

25 

42 
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Tensile  samples  of  alloy  37  processed  through  five  reversion  cycles  were 
tested  at  various  testing  temperatures  with  the  objective  of  determining 
the  84^  (defined  as  the  highest  temperature  at  which  the  austenite  to 
martensite  transformation  can  be  strain  induced) .  The  results  axe  shown 
in  Table  XII,  and  both  the  elongation  on  magnetic  response  indicates  that 
150®F  <  Mj  <  175 "F. 

A  niEDi- r  of  pre-cracked  C harpy  samples  of  alloys  26  and  37  were  evaluated 

in  various  conditions.  Table  XIII  shows  values  of  the  dynamic  plane 

strain  fracture  toughness,  K_.,  and  the  total  absorbed  impact  energy 
W 

per  unit  area,  — ,  obtained  with  the  pre-cracked  samples.  After  five 

reversion  cycles,  the  K  of  alloy  37  is  seen  to  be  greater  than  that  of 

alloy  26.  This  correlates  with  the  better  strength-elongation  values 

obtained  in  alloy  37  shown  in  Table  X.  Another  important  feature  seen 

in  Table  XIII  is  that  the  value  of  K_  is  the  same  for  samples  in  the 

id 

longitudinal  (KW)  and  transverse  (KT)  orientations.  This  demonstrates 
one  of  the  principle  advantages  of  the  thermal  processing  technique  as 
compared  to  thermomechanical  processing. 

Charpy  V-notch  samples  of  alloy  37  processed  through  five  reversion 
cycles  were  tested  at  72  and  -40 °F  and  the  results  are  shown  in 
Table  XIV.  The  impact  energy  is  seen  to  be  essentially  temperature 
independent,  unlike  quench  and  tempered  steels  at  these  strength  values. 
Table  XIV  also  shows  that  the  dynamic  yield  strength  is  193  ksi  at  room 
temperature  (the  instrumented  Charpy  test  can  be  used  to  determine  the 
dynamic  yield  strength  under  proper  conditions).  This  represents  an 
increase  of  33  ksi  ever  the  static  yield  strength  (the  loading  rate  was 
about  1000  inches/minute  for  the  dynamic  tests  and  .02  inches/minute  for 
the  static-tests) . 

The  effect  of  post-revt rsion  heat  treatments  on  the  tensile  properties 
was  investigated  using  samples  of  alloy  37  processed  through  five 


"ESSIE  Ml 


TEESILE  PS0PEKOES  CF  ALU0Y  37  AFTER 
PBCCESSISiG  1HS9EG5  FIFE  EEFEBSBfflS!  CYMES 


TESTESG 

YEEPESffiHIBE 

®F 

YIELD 

SIHESGZH, 

ksi 

TEKS2LE 

srsaaffra, 

ksi 

SjOSEA- 

YIGS 

% 

BEMcnm 
US  ABES 
% 

KS13SEYIC 
BESFOKSE 
AFTER  TEST 

72 

169.0 

196.5 

30 

40 

Magnetic 

150 

147.4 

161.8 

30 

60 

Magnetic 

175 

150.0 

172.8 

15 

53 

Son-Magnetic 

200 

154.9 

170.7 

14 

55 

Koj. -Magnetic 

300 

150.7 

168.5 

14 

52 

Son-Magnetic 
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TSS3LE.  SHI 


BiPACf  E5ESEILS5  5CTH  PEE-GBSCKEO  CESSEY  SOTLES 
85!r  Mll®ES  26  37 


M3?35£S 


SZLffi 

EESTEB5IC® 

CYCLES 

SSSPLE 

C22ESES3TS0® 

%«§»  i/2 

feSi-Cis) 

_  9 

A  ,  1 

ia-lfo/isi 

26 

1 

E5J 

140 

6452 

26 

2 

St 

121 

3362 

26 

5 

EH? 

73 

1322 

37 

1 

BJf 

129 

5108 

37 

3 

ES? 

83 

2003 

37 

5 

St 

89 

1457 

37 

7 

Bf 

89 

1513 

37 

5 

WI 

89 

1440 
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TT£5EE  2®F 


CS£SET  tf-SBTCE  TEST  «g-,g'.,p,ys  mm  m.m  37 


SflflffiSS  TK5CESSE0  TaSTES  FT5E  ESSaSEOK 


Effisasc 

STETEC 

TEST 

UiF&CT 

TEKFEXETOE,  ESE3ST,  STSESG3H.,  STKr.TCTH, 

_ ®F  _ ££-Ies  5e*i  lksi 


72 

2S.I 

193 -Q 

1 60.0 

-4® 

27-7 

195.3 

* 


*  From  Table  XI 


ffiexvr  ranee:  cwBirs.  Fofl Sawiicg  c5xr  SiSzSa  r<ere- rations  23  B3S3I®®EF,  sample-a  w-e<c 
brass  ttir«Kai<nS  23  S35t3>®iF  ffoT  eiiEihrr  y  rosiaaasss  <«r  ft©  3isasca«rs.  TEar  rtrsasBEs 
asr«r  s&musB  Bca  TLdbBir  3ST.  Imr  b£«vt  manssa<r  E  r«raa:n>rf2E.  gfffwfcartrtS  a  nr«rry  rsniaBB 
(fitxrcvevsssa*  bo  yie-Sd  assS  B^stsESs-  sErcrrgnfa  ami!  ai  smraEB  nmrr.ras<r  no  eBuJOgoEniots- 
!r<a>B Eiawlcs  Ebr  ft®  raiaasrucr  E  riranmeos.  „  brsb  Ebr  yn<rBc2  see eosfb  amS  <rBiamgos  boo 
dirinnrmsr  as  <ncmiS23V^  e ®  Ebr  os-re-xerEieii  oamdiEBido.  SlaEa  frem:  TobBir  SI 
for  3  aaS  7  raWtersiioo  trycTtrs  5s  iorBofedi  no  TabBe  25'  for  momncsrES-ocE. 
lor  gfw^sE-rdr«TSB<r3  bras  creOEnneoss  eraScoEexf  brr«r  c5j  cue  appir-ar  eo 
’L'nyr«w<r  egwta  Ebr  sEr«csE£s-e-BotagaE£jta  rc-Eai  BtotasSaigs  eckbe  cam  hr  zurhiarvmS 
by  reavrsBoa  asl«jme. 

As  a  ssatnnairT,  a  conbrr  of  anrchamica!  -seta  pfersicaB  propers  ties  of  alloy  37 
are  sEaowo  5a  Table  STB _ 

Sear  Itv  ead  of  this  pirogrmn:.  si  a  addatioma!  ’”5"'  type  aBBovs,  nsanher 

33-43.  became  available  for  evaluation.  Same  paysacaB  properties  of 

these  alloys  are  shewn  in  Table  VII,  aawi i  all  of  ifee  alloys  had  an  SB 

in  the  desired  range,  -320°F  <  K ^  *-  ST.  Hewever.  only  three  of  these, 

(35,  42  and  43)  had  hardness  levels  of  interest  f^ZoS  )  after  cooisng 

to  -320°F.  Samples  of  these  three  alloys  were  cyclically  processed 

between  -320°F  and  1390°F.  The  !300®F  reversion  temperature  vas 

selected  from  the  results  obtained  vith  alloys  26  and  37.  Table  XVII 

shows  the  hardness  of  alloys  3S,  42  and  43  for  various  reversions,  and 

it  is  seen  that  maximum  values  of  about  41  R  were  obtained  after  3  to 

c 

7  reversions.  This  is  about  the  sane  level  as  previously  obtained  with 

alloj'S  26  and  37.  These  results  were  obtained  during  the  last  week  of 

the  program  and  additional  evaluations  (such  as  M  ,  H*  and  A,  neasurements 

s  s  f 

and  tensile  and  impact  tests)  could  not  be  made. 
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“ES  EFFECT  CF  EffiSF-SSuSSSIC®  BESS?  T3E& 
ffiffl  TEE  FaggSgglSS  ®F  SUM  37  paflCESSSO 

PEinas!  ms  esfessms  cycles 


3EKBFS  CF 
EEFEESIffiS; 


F®SE-££u:t£&- 

SlSJffi 


'HEW  1SSSSLE 

smsaism,  sehsjseee. 


EI£S!S£*21fl® 


KE3GCTK® 

t. 


CSSGLES 

•BESSEHEffl1 

ks£ 

iksi 

% 

% 

5 

ScK-e 

160.0 

196.5 

30 

40 

> 

1350®?,  5  jnaa. 

156.0 

192.1 

32-1/2 

38 

5 

1350®?,  60  ads. 

136.9 

196.3 

27 

41 

3 

Brcae 

136.9 

175.4 

40 

50 

7 

Boas 

147.2 

203.1 

25 

42 
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■ESSIE  sm 


HBCSSSHOSL  A3 ©  FttSI&ZL  F3SFZSZJES  C? 

din  37 


Yield  Strength 
Tensile  Strength 
Ylongatica 
Seduction  in  Area 


C_  Isspact  Strength 

(annealed  austenite) 
(reverted  austenite) 

*D 


160.0  fesi  (static);  193.0  ifcsi  (dynamic) 

196.5  fesi 

302 

402 

89  ksi-(in)*  in  both  ES?  and  HI  orientations 
-> 

1467  in-lb/isr,  EST  orientation, 

1440  in-Ib/in~  5fT  orientation 

28. 1  ft- lbs  at  72°F,  27.7  rt-lbs  at  -AO^F 

-104  °F 

-71^ 

150oF<^><i75°F 

1250°F<Af<1300°F 


Note:  Except  as  noted,  all  data  obtained  following  five  cyclical 
reversions  between  -320°F  and  1300°F. 


TABLE  mi 


AUSTENITE  HARDNESS  OF  ALLOYS  38,  42  and  43 
AFTER  VARIOUS  REVERSION  TREATMENTS 

PROCESSING  AUSTENITE  HARDNESS,  R 

*  c 


STEP 

ALLOY  38 

ALLOY  42 

ALLOY 

1st  Reversion 

23 

28 

27 

2nd  Reversion 

33 

36 

34 

3rd  Reversion 

37 

39 

37 

4th  Reversion 

38 

40 

39 

5th  Reversion 

38 

41 

39 

6th  Reversion 

40 

41 

39 

7th  Reversion 

39 

41 

39 
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SURFACE  HARDENING  TREATMENTS 


Since  several  potential  applications  for  TRIP  steel  would  require  a 
high  surface  hardness,  both  nitriding  and  hard  chrome  plating  surface 
hardening  treatments  were  evaluated.  Nitriding  case-hardens  steel 
directly  through  the  formation  of  nitrides  in  a  surface  layer  of  metal. 
Nitrogen  is  introduced  at  moderate  temperatures  (generally  950°F  to 
1050°F) ,  and  the  processing  requires  no  subsequent  heat  treatment.  Thus, 
it  is  comparable  for  use  with  thermally  processed  TRIP  steels.  Samples 
of  alloy  37  processed  through  five  cyclical  reversions  were  subjected  to 
three  different  commercial  nitriding  processes:  (1)  standard  gas 
nitriding,  (2)  Malcomizing*  and  (3)  Tuf-triding*.  Upon  evaluation, 
however,  it  was  found  that  none  of  these  treatments  proved  effective. 

The  gas  nitriding  produced  only  a  thin  nitrogen  rich  case  that  was 
severely  cracked  and  irregular.  Both  the  Malcomizing  and  the  Tuf-triding 
produced  cases  which  appeared  sound;  however,  the  nitrogen  rich  layers 
were  not  harder  than  the  base  alloy  (41R,) •  It  Is  felt  that  the  absence 
of  good  nitride  forming  alloying  elements  was  responsible  for  the  lack 
of  hardening  in  the  case.  In  order  for  nitriding  to  be  effective  it  is 
known  that  steels  must  contain  aluminum,  chromium,  molybdenum  or 
vanadium  additions  to  form  nitrides.  It  was  hoped  that  alloy  37 
(Fe-24Ni-4Mo-0.30C)  contained  enough  molybdenum  to  produce  a  hard  case. 
Apparently  the  molybdenum  was  not  free  to  form  nitrides  in  this  alloy. 

The  9Cr-8Ni-4Mo-2Mn-2Si-.30C  series  TRIP  steels  should  respond  to 
nitriding  because  of  their  relatively  high  chromium  content. 


*  N.lcomizing,  Tuf-triding  and  Electrolyzing  are  commercial  trade  names. 
The  companies  supplying  these  services  consider  them  to  be  propriety 
processes  and  details  of  the  processing  are  not  available. 
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Finally,  hard  chrome  plating  was  evaluated  as  an  alternate  type  of  case 
hardening.  The  method  used  was  a  commercial  process  called  Electrolyzing,* 
which  consists  of  electrolytically  depositing  chromium  at  temperatures 
of  about  200°F.  This  process  produced  a  hardened  surface  at  about 
65-70  on  reverted  samples  of  alloy  37.  However,  when  a  plated 
sample  1/4  inch  thick  was  bent  through  an  angle  of  135°',  the  plating 
did  not  adhere  to  the  base  metal.  Additional  work  may  help  solve  this 
bonding  problem. 


*  See  note  on  page  41 
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DISCUSSION 


The  primary  objective  of  this  program  was  to  develop  higher  strength  TRIP 

steels  using  the  thermal  processing  technique.  This  goal  was  not  achieved, 

primarily  because  of  the  large  increase  in  the  M  of  reverted  austenite 

s 

as  compared  to  annealed  austenite  and  to  a  less  extent  to  the  large 
compositional  dependency  of  the  on  some  of  the  alloying  elements. 

The  increase  in  M  (about  200  to  300°F)  that  was  observed  with  the  "A" 
s 

alloys  was  totally  unexpected  since  no  shifts  larger  than  about  50°F  have 

been  reported  in  the  literature . ^  Changes  in  M  due  to  prior  plastic 

s 

straining  have  been  studied  in  detail  in  Fe-Ni-C  alloys  and  maximum 

(5  6 

changes  of  about  50°F  (decreases  as  well  as  increases)  have  been  reported.  5  ’ 

The  Fe-Ni-Mo-C  "B"  alloys  evaluated  in  this  program  also  showed  a  relatively 

small  change;  the  M  of  alloy  26  increased  about  54 °F  and  the  M  of  alloy 
s  s 

37  increased  about  33°F  following  reversion.  The  cause  of  the  large  increase 

in  M  due  to  reversion  (strain  hardening)  in  the  "A"  alloys  is  not  known, 
s 

A  further  complicating  observation  is  that  following  the  normal  thermo¬ 
mechanical  processing  (807,  reduction  at  800-1000°F)  in  the  standard  "A" 


alloy  (Fe-9Cr-8Ni-4Mo-2Si-2Mn- . 30C)  the  Mg  <  -452 °F.  Thus,  the  increase 
in  due  to  strain  hardening  introduced  fay  reverse  shear  transformations 
nay  not  occur  when  strain  hardening  is  accomplished  by  mechanical  working. 
Without  this  large  shift  in  Mg  observed  in  the  "A"  alloys,  it  is  thought 
that  higher  strength  TRIP  steels  would  have  been  developed  on  this  program. 
This  is  based  upon  the  higher  hardness  of  the  "A"  alloys  in  both  the  solution 
heat  treated  and  martensitic  condition  (-320°F  treatment)  as  compared  to 
the  ,,R"  alloys. 

The  second  unexpected  feature  that  was  observed  in  this  program  was  the 

large  effect  of  various  alloying  elements  on  the  Mg .  As  briefly  commented 

upon  in  the  Results  Section,  manganese  lowered  the  M  in  the  "A"  alloys 

s 

approximately  an  order  of  magnitude  larger  than  has  been  reported  previously. 

One  of  the  secondary  goals  of  this  program  was  to  establish  the  effects  of 

alloying  elements  in  the  "AM  type  alloys  on  the  M  and  Af.  Empirical 

(4)  s  t 

equations  such  as  those  given  by  Andrews  were  developed  based  upon  data 
obtained  with  alloys  1-25.  The  equations  were  assumed  to  be  of  the  form, 

o  11  2  2  n  n 

where  Y  is  the  temperature  of  interest  (Mg,  Mg  or  A^) ,  X^  =  X^  through 

is  the  precent  by  weight  of  an  alloying  element  and  A^  =  Aq  through 

A  is  the  coefficient  giving  the  effect  of  each  alloying  element.  A 
n 

computer  program  was  utilized  to  perform  multiple  linear  regression 

analyses  based  upon  a  least  squares  method  to  determine  the  A^  coefficients. 

The  composition  of  each  alloy  and  the  experimental  values  for  M  ,  H1  and  A 

used  in  this  analysis  are  those  given  in  Tables  I,  II  and  III.  For  the 

determination  of  the  M  coefficients,  only  the  thirteen  alloys  having  an 

s 

M  between  room  temperature  and  -320°F  were  used,  and  the  Mg  and  A^ 
coefficients  were  determined  with  the  twenty-four  alloys  having  an  Mg  > 
-320°F  (all  but  alloy  19) . 
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A  few  difficulties  arose  during  this  analysis.  Some  of  the  alloying  elements 

did  not  vary  significantly  enough  in  content  for  a  reasonable  computer 

solution.  For  example,  the  chromium  content  varied  only  between  8.95% 

and  9.21%  in  the  thirteen  alloys  used  for  determining  the  Mg  coefficients. 

When  this  situation  arose,  a  value  was  assigned  for  the  coefficient  of 

the  alloying  element  in  question.  The  value  for  the  coefficient  was 

(4) 

chosen  based  upon  both  those  coefficients  reported  by  Andrews  and  the 
coefficients  of  other  alloying  elements  developed  by  the  computer  analysis. 
Following  assignment  of  these  coefficients,  the  computer  program  was  used 
to  determine  the  coefficients  for  the  remaining  alloying  elements.  This 
procedure  of  assigning  values  for  some  of  the  coefficients  introduced  a 
small  change  (less  than  5°F  per  weight  percent  of  alloying  element)  in 
the  computer  determined  coefficients. 

Another  difficulty  was  that  for  certain  alloys  the  predicted  values  of 
Y  using  the  coefficients  that  were  determined  were  significantly 
different  than  the  measured  values.  It  is  felt  that  this  was  probably 
a  result  of  chemical  segregation,  either  in  the  form  of  banding  as 
previously  noted  or  in  the  form  of  precipitation  (which  effectively 
changes  the  chemistry  of  the  matrix) .  In  order  to  improve  the  accuracy 
of  the  computer  predicted  coefficients,  the  3  or  4  alloys  (depending  upon 
which  value  of  Y  is  being  considered)  that  exhibited  the  greatest 
disparity  between  the  predicted  and  experimental  temperatures  were 
excluded  from  the  data  and  the  coefficients  were  re-determined  with  the 
computer  program.  This  again  resulted  in  only  minor  changes  in  the  value 
of  the  coefficients.  The  coefficients  that  resulted  from  the  above  pro¬ 
cedures  are  listed  in  Table  XVIII  together  with  the  standard  deviation 
obtained  for  the  predicted  versus  measured  temperatures.  Using  the 
coefficients  listed  in  the  table,  the  average  difference  between  the 
calculated  and  experimental  values  for  Mg,  and  A^  is  +  15°F,  i.l2°F 

and  +  14°F,  respectively.  The  table  also  shows  the  values  of  the 

(4) 

coefficients  developed  by  Andrews  for  M  and  a  (which  might  be 

S  r 

3 
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TABLE  XVIII 


COMPUTER  GENERATED  COEFFICIENTS  FOR  THE  EFFECT 

OF  ALLOYING  ELEMENTS  ON  M  ,  M'  and  A. 

s  s  f 


COEFFICIENTS,  °F 

per  wt.  %  alloying  element 

ALLOY 

ELEMENT 

M 

s 

m' 

s 

Af 

V 

Andrews  ^ 

Ac  ’ 

A3  <*> 

Andrews 

Cr 

-125. OA 

-54.5 

+9.8 

-21.7 

-19.8 

Ni 

-117.5 

-66.2 

-18.9 

-31.8 

-27.8 

Mo 

-21.5 

-11.4 

+10.4 

-13.5 

+56.7 

Mn 

-660.0 

-316.9 

-54.0 

-54.7 

-54.0 

Si 

+5.4 

+5.4 

+15.6 

0 

+80.4 

W 

-24.6 

-7.6 

+11.8 

-9 

+23.6 

Co 

+8.2 

-1.0 

-0.2 

+27 

- 

C 

-300. OA 

-100. OA 

-200. OA 

-761.4 

-365.4/C 

A  ,  °F 
o’ 

2497 

1412 

1494 

Standard 
Deviation,  0 

+18.97 

+15.32 

+20.90 

A  =  assumed  value 
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SECOHUEUDATIONS 


Using  the  analysis  of  the  effect  of  alloying  elements  on  the  M  and  M 
given  in  the  previous  section,  it  seems  likely  that  additional  alloying 
development  work  with  the  "A11  type  alloys  could  produce  compositions 
that  are  compatible  with  the  thermal  processing  technique.  The  approach 

that  appears  most  likely  to  succeed  is  to  totally  eliminate  Hn  as  an 

* 

alloying  element  and  use  Cr,  Ni  or  Mo  to  adjust  the  M  and  M  to  the 

s  s 

desired  ranges.  Not  only  would  it  be  difficult  to  keep  the  Mh  at  the 
required  composition  (probably  something  like  0.80  +  .05%),  but  Mn  also 
appears  to  influence  the  increase  in  Mg  to  M^.  By  eliminating  Mn  it  should 
then  be  easier  to  both  control  the  M  and  lower  the  difference  between 

t  /  s 

M  and  M  .  Once  the  M  and  M  are  adjusted  to  the  desired  ranges,  it 
s  s  s  s 

appears  that  thermal  processing  of  the  "A"  alloys  should  produce  strength 

levels  superior  to  the  "B"  alloys.  This  conclusion  is  based  upon  the 

hardness  of  martensite  after  cooling  to  -320°F  in  alloys  with  an 

M  >  -320 °F.  The  "B"  alloys  have  hardness  values  of  30-35  R  after 
s  c 

the  -320°F  treatment,  bu..  the  hardness  of  the  "A"  alloys  is  in  the 
40-49  range.  Based  upon  these  factors,  it  is  recommended  that  an 
alloy  development  program  be  undertaken  using  the  general  approach 
described  above. 
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